Abstract: Structural characteristics of synthesized ordered mesoporous silicas MCM-41, MCM-48 and SBA-15 were studied using XRD, nitrogen adsorption and FTIR methods. Pure water and mixtures with water/benzene and water/chloroform-d adsorbed onto silicas were studied by 1 H NMR spectroscopy with layer-by-layer freezing-out of bulk and interfacial liquids. Concentrated aqueous suspensions of MCM-48 and SBA-15 were studied by thermally stimulated depolarization current (TSDC) method. Benzene and chloroform−d can displace a portion of water to broad pores from the pore walls and from narrower pores, especially in the case of a large excess of an organic solvent. This process is accompanied by diminution of both interaction energy of water with an adsorbent surface and freezing temperature depression of adsorbed water. The effect of nonpolar benzene on pore water is much stronger than that of weakly polar chloroform-d. Modifications of the Gibbs-Thomson relation to describe the freezing point depression of mixtures of immiscible liquids confined in pores allow us to determine distribution functions of sizes of structures with unfrozen pore water and benzene.
Introduction
Mesoporous silicas with ordered structure of pores (M41S, SBA, FSM, etc.) are interesting as adsorbents, catalyst carriers, etc. [1] [2] [3] [4] [5] [6] [7] . Morphological, textural and adsorptive characteristics of these materials have been studied and well documented [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Typically ordered mesoporous silicas have a narrow size distribution of pores (PSD) of a cylindrical shape. The structural characteristics of these silicas depend on the molecular size and the structure of a template, composition of a reaction solution (e.g. the presence of alcohol) and reaction conditions (temperature, time, pH, etc.). Their adsorption properties depend on the PSD and the structure of pore walls. Surface silanols (2-4 μmol/m 2 for MCM-41 [11] , 4-5OH/nm 2 for different silicas) serve as the main adsorption sites for polar adsorbates [2] [3] [4] [5] [6] . The oxygen atoms in the siloxane bonds ≡Si-O-Si≡ possess weaker electron-donor properties than that in silanols; therefore, these bonds demonstrate much weaker hydrophilic properties than silanols. Dispersive forces are predominantly responsible for the interaction of nonpolar and weakly polar adsorbates with the siloxane bonds, as well as with a whole silica surface. These structural features of silicas allow polar and nonpolar adsorbates to interact with different surface sites due to the hydrogen and/or dispersion binding. Therefore, the structure of the interfacial layers of mixtures of different immiscible or poorly miscible polar and nonpolar liquids or fluids in pores of silicas can have heterogeneous structure. Additionally, competitive adsorption of different adsorbates can lead to the displacement of one adsorbate by another from pores and pore walls. The behaviour of water/organic mixtures in the form of solutions, emulsions or separated phases, which is of importance from practical point of view, can be strongly different at a plane surface, in narrow pores and in the bulk liquids. This difference is due to lower solubility of organics in the interfacial water [12] and lower molecular mobility in the interfacial layers [13] than in the bulk. Numerous papers with detailed descriptions of the synthesis and the characterization of ordered mesoporous silicas have been published. Therefore, these aspects are shown in the present paper only with respect to the effects of confined space and the surface chemistry on pore water and its mixtures with other liquids (benzene and chloroform).
Previously the behaviour of pore water in mesoporous silicas was studied by 1 H NMR spectroscopy (giving temperature dependence of transverse relaxation time and chemical shift of the proton resonance), XRD (freezing/melting behaviour and ice crystalline structure), thermally stimulated depolarization current, TSDC, (relaxation phenomena for pore water depending on temperature and pore structure), FTIR and Raman spectroscopies (characteristics of adsorption sites and water binding), and other methods [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [13] [14] [15] [16] . For instance, Morishige and Iwasaki [16] studied the freezing/melting behaviour of water in partially filled pores of SBA-15 (average pore radius R = 3.9 nm) by XRD measurements depending on temperature and pore filling. They showed that freezing temperature increased with increasing pore filling. The freezing of the pore water results in formation of ice microcrystals with almost the same structure and size, irrespective of the different states of the pore water [16] . There are several methods used for estimation of the pore size distributions based on a specific behaviour of pore liquids. For instance, the cryoporometry [17] [18] [19] is based on the NMR measurements and the Gibbs-Thomson relation for melting point depression of liquids confined in pores. The relaxometry uses the enhanced relaxation of molecules at a pore surface to calculate the pore diameter [18] and normally assumes rapid exchange between molecules at the surface and in the pores. The thermoporometry is used for characterizing pore structure from the melting or freezing point depression of a liquid confined in pores, by reason of the added contribution of surface curvature to the phase-transition free energy [20] . The effects of organic solvents on the behaviour of pore water adsorbed onto carbon adsorbents [21] [22] [23] and mesoporous silica gels [24] were studied by the 1 H NMR method. It was shown that this behaviour depends on molecular size, polarity, polarizability, electron-donor properties, concentration of organic solvents, as well as on the solubility of water in organics and vice versa. Nonpolar solvents (immiscible with water) displace pore water from narrow pores of carbon adsorbents more effectively than weakly polar or polar ones (soluble in bulk water). This is due to the different nature of forces giving the main contribution to interaction energy of polar and nonpolar molecules with polar, weakly polar and nonpolar surface sites and adsorbed water molecules forming clusters and droplets near polar sites in pores or at the entrances into the pores [21] [22] [23] . In the case of silica gel Si-40 with narrow mesopores (close in size to that of MCM-48 studied here) the effects of organics on pore water differ from that observed for activated carbons because of the difference in the structural and adsorption properties of the adsorbents [13, 24] . In general, the structurization of adsorbed mixtures with water/organics occurs in the confined space of pores to minimize Gibbs free energy of the system. Clearly, the structural characteristics of these mixtures depend on the structure and the chemistry of both adsorbates and adsorbents [21] [22] [23] [24] . Additionally, the order of the loading of liquids (as well as other treatments of pore liquid mixtures) can affect this structurization because the molecular mobility of liquids in narrow pores is much lower than that in the bulk. This restricts or slows down the rearrangement of the structure of the pore liquid mixtures.
The interfacial behaviour of water/organics, which can be very important for the practical application of porous materials as adsorbents, catalysts, etc., can be investigated by using both NMR cryoporometry and relaxometry techniques and TSDC for a deeper understanding of the structurization of liquids confined in pores. Therefore the aim of the present work is to study (i) the structural characteristics of synthesized ordered mesoporous silicas MCM-41, MCM-48 and SBA-15 by XRD, adsorption and FTIR methods to explain the difference in their adsorption characteristics with respect to polar (water), weakly polar (chloroform) and nonpolar (benzene) adsorbates; (ii) the relationships between these characteristics and the behaviour of adsorbed pure water and its mixtures with benzene or chloroform-d over a wide temperature range and on variation of the mixture composition by using the 1 H NMR spectroscopy (as both cryoporometry and relaxometry) with layer-by-layer freezing-out of bulk and pore liquids at 170-283 K; and (iii) concentrated aqueous suspensions of MCM-48 and SBA-15 by the TSDC method at 90-265 K.
Experimental

Materials
Ordered mesoporous silica MCM-41 with spherical particles was synthesized according to a technique described in detail elsewhere [25] using cetyltrimethyl ammonium bromide (CTAB) as a template and tetraethoxysilane (TEOS) as a precursor of silica at a molar ratio of components TEOS : CTAB : NH 3 : H 2 O : C 2 H 5 OH = 1 : 0.3 : 11 : 144 : 58. CTAB (2.5 g) was solved in distilled water (50 ml) and then 20 ml of 25% ammonium solution and 80 ml of ethanol (96% ethanol + 4% water) were added. The solution was stirred by a magnetic stirrer (250 rpm) for 15 min. Then 5 ml of TEOS was added. The system was stirred at room temperature for 2 h. Sample 1 was filtered just after this stirring but sample 2 was filtered in 5 h after the stirring. Sediments were washed in 100 ml of water and 100 ml of ethanol, then dried at 363 K for 5 h and treated at 823 K for 5 h to remove the template. This synthesis technique differs slightly from the standard one used previously [2] [3] [4] [5] [6] ; however, addition of alcohol to the reaction mixture and the corresponding effects on the MCM-41 structure were studied previously [28] . The structural characteristics of the synthesized two samples of MCM-41 are shown in Table 1 . The pore size of MCM-41, as well as SBA-15 and MCM-48, was calculated on the basis of the XRD and adsorption data as described elsewhere [26, 27] .
Synthesis of MCM-48 [29] was carried out using a reaction mixture with CTAB (Aldrich), TEOS (Alfa Aesar, 99.9%), NaOH ('Khimreactiv') at a molar ratio TEOS : CTAB : NaOH : H 2 O = 1 : 0.5 : 0.54 : 110. TEOS (34 ml) was slowly added to aqueous solution (300 ml) of NaOH (3.3 g) and CTAB (27.8 g) stirred by a magnetic stirrer for 2 h at room temperature. Then the homogeneous mixture was hydrothermally treated at 383 K for 72 h. The product was filtrated, washed using distilled water and dried at room temperature. The organic compounds were removed by calcination of the samples in air flow (9 L/h) initially heated at a rate 24 K/h and then at 823 K for 6 h. SBA-15 [30] was synthesized by using a nonionic oligomeric alkyl-ethylene oxide surfactant (Pluronic P123 (Aldrich)) as a structure-directing agent dissolved in water (120 ml) and HCl (20 ml, 37 %) at 313 K. TEOS (10 ml) was added to this solution and stirred at 313 K for 20 h. Then the reaction mixture was hydrothermally treated at 373 K for 24 h without stirring. The product was filtered, washed with distilled water and dried at 373 K. The organic compounds were removed on calcination as in the case of MCM-48 preparation.
Benzene (melting point T m,∞,b = 278 K) and chloroform-d (T m,∞,c = 209 K) used on the NMR measurements are poorly soluble in water and visa versa because benzene is nonpolar (dielectric constant ε = 2.27) and chloroform is weakly polar (ε = 4.71). Chloroform-d was used to avoid contribution of protons of an organic solvent to the 1 H NMR signal. Benzene was used to measure the relationship between the amounts of unfrozen adsorbates dependent on temperature and PSD of silica. Small angle X-ray diffraction (XRD) patterns (Fig. 1a) were recorded over 2θ = 0.5-10 o range using DRON4-07 and DRON-3M diffractometers (LOMO and Bourevestnik, Inc., St. Petersburg) with Cu K α (λ = 0.15418 nm) radiation and a Ni filter.
An initial MCM-41 sample and a sample treated at 473 K for 2 h were stirred with dry KBr (1:20) to record the FTIR spectra using a FTIR ThermoNicolet spectrophotometer over the 400-4000 cm −1 range. The FTIR spectra of MCM-48 and SBA stirred with dry KBr powder (1:100) were recorded using a FTIR Nicolet Nexus spectrophotometer without thermal pre-treatment of silicas.
1 H NMR
The 1 H NMR spectroscopy with layer-by-layer freezing-out of bulk and interfacial liquids was used to determine the characteristics of interaction of water with silica surface affected by benzene or chloroform-d. This technique was described in detail elsewhere [13, 31, 32] . The 1 H NMR spectra were recorded using a Varian 400 Mercury spectrometer and a Bruker WP-100 SY spectrometer of high resolution with the probing 90
• or 40 o pulses at duration of 4-5 μs. On the measurements of the 1 H NMR spectra temperature was controlled using a Bruker VT-1000 device. Relative mean errors were ±10% for 1 H NMR signal intensity and ±1 K for temperature. Measurements of amounts of unfrozen water or water/benzene were carried out upon heating of samples preliminarily cooled to 170-190 K for the prevention of supercooling. This procedure provides more equilibrium state of pore water than that on cooling of the system (some portion of pore water can be in the supercooling state on cooling). The 1 H NMR spectra recorded here include the signals only of nonfreezable mobile water and benzene molecules. The signals of water molecules from ice and frozen benzene (as well as from silanols) do not contribute the 1 H NMR spectra because of features of the measurement technique and the short duration (∼10 −6 s) of transverse relaxation of protons in immobile structures.
The transverse relaxation times were measured with Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence: 90x-(τ -180y − τ -echo) n with 90 o pulse of 3 μs and total echo time of 500 μs. A total of eight scans were used for each measurement. The relaxation time between scans was 0.5 s. Equilibration time of each temperature was 5 min. To calculate a distribution function of transverse relaxation time f (T 2), CPMG echo decay envelopes (I(t)) were used as the left term of integral equation
where t is the time, T 2 min and T 2 max are the minimal (10 −6 s) and maximal (1 s) T 2 values on integration respectively, and A is a constant. Solution of Eq. (1) is well known ill-posed problem due to the impact of noise on measured data, which does not allow one to utilize exact inversion formulas or iterative algorithms. Therefore, Eq. (1) can be solved using a regularization procedure based on the CONTIN algorithm [33] under nonnegativity condition (f (T 2) ≥ 0 at any T 2) and an unfixed value of the regularization parameter (α) determined on the basis of the F-test and confidence regions using the parsimony principle. It should be noted that the solution of Eq. (1) is insensitive to the A value which can affect only relative intensity of f (T 2). A similar procedure applied the NMR data to calculate f (T 2) was described previously [34, 35] . The condition of freezing of pore water (or benzene) corresponds to the equality of the Gibbs free energies of molecules of water and ice. Lowering the temperature of freezing of structured pore water (T f < 273.15 K) is defined by diminution of its Gibbs free energy caused by strong inter-molecular interactions (ΔG = G − G 0 < 0, where G 0 is the free energy of ice at 273.15 K) that disrupt the hydrogen bond network characteristic of the bulk water. The temperature dependence of the Gibbs free energy of ice [36] can be approximated as follows:
where ΔT = 273.16 -T at T ≤ 273.15 K. The fact that pore water may remain unfrozen at T < 273 K suggests that its Gibbs free energy remains lower than that of bulk water or bulk ice G i w < G ice because of interaction with a solid surface. Further lowering of temperature reduces this inequality until the point T c , at which a certain amount of bound water becomes frozen. At T c the relationship ΔG w = ΔG ice pertains, where
w denotes the Gibbs free energy of unperturbed bulk water at 273.15 K and superscript i stands for interfaces).It is assumed that neither G ice , nor ΔG ice are influenced by the solid surface. The area under the ΔG(C uw ) curve (temperature dependences ΔG(T ) and amounts of unfrozen pore water C uw (T ) can be simply transformed into the relationship ΔG(C uw )) determines overall changes in the Gibbs free energy of interfacial water
where C max uw is the total amount of unfrozen water at T → 273 K, and A is a constant dependent on the type of units used in this equation. Weakly bound water corresponding to a portion of unfrozen water with the free energy slightly lowered by inter-molecular interactions with a solid surface freezes at temperature close to 273 K. Strongly bound water can be unfrozen even on significant cooling of the system and corresponds to the maximum disturbed water layer at the interfaces. The thickness of the layers of each type of water or water + benzene (C s u and C w u denoting amounts of strongly and weakly bound liquids) and the maximum values for lowering of the Gibbs free energy of these liquids (ΔG s and ΔG w ) can be estimated from a linear extrapolation of appropriate linear portions of the ΔG(C u ) graphs to the corresponding axis. Notice that there are two types of water (parameter subscript 'w') and benzene (subscript 'b') or chloroform-d amounts: (i) unfrozen fraction (C u = C uw + C ub ) and (ii) total amounts of water (h), benzene (b) and chloroform-d (c) in ml per gram of dry silica. Derivative dC u /dT (calculated using spline approximation of C u (T )) as a function of temperature can be used to show characteristic changes in the amounts of structured unfrozen water and water/benzene dependent on temperature. A portion of unfrozen water or water/benzene corresponding to ΔG > -0.5 kJ/mol may be considered as a liquid weakly bound in pores.
Water or benzene can be frozen in narrower pores at lower temperatures that can be described by the Gibbs-Thomson (GT) relation for freezing point depression for pore liquids [17, 19, 37] 
where T m (R) is the melting temperature of ice or solid benzene in pores of radius R, T m,∞ is the bulk melting temperature, ρ is the density of the solid, σ sl is the energy of solidliquid interaction, ΔH f is the bulk enthalpy of fusion, and k is a constant. According to Aksnes and Kimtys [19] , k b = 44 K nm for benzene freezing in porous silicas. For pure water adsorbed in pores of silica k w = 67 K nm. Eq. (4) can be utilized to calculate the incremental pore size distribution (IPSD) on the basis of the temperature dependence C u (T ) estimated from the 1 H NMR spectra recorded at T < T m,∞ for individually adsorbed liquids. This approach was employed for different materials and gave the IPSDs close to those calculated on the basis of nitrogen adsorption/desorption isotherms [13] . In the case of a mixture of immiscible liquids (e.g., water and benzene or chloroform-d), Eq. (4) can be used for both liquids with consideration for their amounts in a mixture and their temperature-dependent signal intensity (obtained on deconvolution of the total signal)
where i denotes an adsorbate number, C u,i (T ) is the integral intensity of a δ H band for the i-th adsorbate as a function of temperature, and A i is a weight constant dependent on the molecular volume (v i ), the number of protons (n i ) in a molecule of the i-th adsorbate and the used units. Notice that
and n b /n w = 3. In the case of the water/benzene mixtures the σ sl,w value determined for the water/silica system was multiplied by ΔG s,h,b /ΔG s,h (where ΔG s,h and ΔG s,h,b are changes in the free energy of strongly bound water without and with the presence of benzene respectively) for consideration for the effect of benzene. Clearly this effect leads to a certain diminution of the k w value varied between 67 and 40 K nm for different water/benzene mixtures. For simplicity, the k b value was assumed as a constant (44 K nm) for all the studied systems because benzene is being in contact with the pore walls since it can displace water from pores and the pore walls. Eqs. (4) and (5) allow us to calculate the distribution functions of the sizes of pores filled by an individual adsorbate (e.g. water) and an incremental size distribution (ISD) of structures in a liquid mixture (e.g. water/benzene) filling pores. In the last case the pore size can correspond to a sum of the sizes (thickness) of the pore liquid layers if liquids simultaneously locate in the same pores. In the case of a mixture of water with chloroform-d, the latter does not contribute the 1 H NMR spectra. However, chloroform-d can fill a portion of pores and affect the occupation of them by water, i.e. change the C uw (T ) shape. Eqs. (4) and (5) can be transformed into integral equation (IGT), replacing dV /dR by f (R), converting dC /dT to dC /dR with Eq. (5) and integrating by R,
where R max and R min are the maximal and minimal pore radii (or sizes of unfrozen liquid structures) respectively, i is the index corresponding to i-th pore liquid, and A is a normalization factor. In the case of the use of the relaxometry method for estimation of the sizes of the water and benzene structures (layers, clusters, etc.) filling pores, Eq. (1) can be transformed for consideration for the dependence of the CPMG echo decay envelopes (i.e. transverse relaxation time) on the pore size
where B is a normalization factor, and k i is a constant analogous to that in Eqs. (4) and (5). Eqs. (6) and (7) can be solved using the regularization procedure [33] similar to that applied to Eq. (1). Pores of MCM-41 (sample 2 was chosen for the NMR measurements because it has larger V p and S BET values than sample 1) were partially filled by water at hydration h = 0.186 or 0.317 ml of water per gram of dry MCM-41, then a portion of benzene (b = 0.196 ml per gram of dry MCM-41) or chloroform-d (c = 5.0 ml/g) was added, then a portion of water was added that gives h = 0.37 ml/g, and then a portion of benzene was added that gives b= 0.4 ml/g. Sample at h = 0.37 ml/g and b = 5.8 ml/g was prepared on the first addition of water (h = 0.37 ml/g) and then benzene (b = 5.8 ml/g). In the case of MCM-48 (h = 0.2 ml/g and b = 0.2 ml/g) and SBA-15 (h = 0.16 ml/g and b = 0.13 ml/g) water was adsorbed before benzene.
Nitrogen adsorption
Low-temperature (77.4 K) adsorption/desorption isotherms of nitrogen (Fig. 1b) , which is type IV in the IUPAC classification [38] (however, for MCM-41 it tends to type I), were measured using a Micromeritics ASAP 2405N adsorption analyzer. The specific surface area S BET (Table 1) was calculated according to the standard BET method [38] but at different pressure ranges p/p 0 = 0.05-0.17 (MCM-41), 0.05-0.2 (MCM-48), and 0.05-0.23 (SBA-15) to avoid overestimation of the S BET values because of the beginning of the formation of the second layer with adsorbed nitrogen in narrow mesopores at lower pressures [39] . The dependence of this effect on the used pressure range results in different dependences of the S BET values on the high boundary value p/p 0,max for the studied silicas (Fig. 2) Pore size distributions (PSD, f V (R) and f S (R) with respect to the pore volume and the specific surface area respectively) were calculated using an overall isotherm equation based on the equation proposed by Nguyen and Do for carbon adsorbents with slitlike pores [40] and modified for cylindrical pores and voids between spherical particles [41, 42] . This equation was solved by means of a regularization procedure based on the CONTIN algorithm [33] as described elsewhere [41] . The differential PSDs f V (R) and f S (R) were converted to incremental PSDs (IPSD) (Figs. 1e and 1f) . The f V (R) and f S (R) functions were used to calculate contributions of micropores (S * mic , V mic ) at R < 1 nm, mesopores (S * mes , V mes ) at 1 < R < 25 nm, and macropores (S * mac , V mac ) at 25 < R < 100 nm to the specific surface area and the total porosity. Additionally, f S (R) was used to estimate deviation of the pore shape from the model of cylindrical pores or a complex model with cylindrical pores and voids between spherical particles (used for estimation of the textural porosity of the studied samples) using a self-consisting (to better fit the nitrogen adsorption isotherms) regularization [41, 42] .
where R max and R min are the maximal and minimal pore radii respectively, V (R) is the volume of pores at the radius R, and w = 2 for cylindrical pores. The S * mic , S * mes and S * mac values were corrected by multiplication by (Δw cyl + 1) that gives S * (Δw cyl + 1) = S sum = S mic + S mes + S mac = S BET (Table 1) .
To better describe the porosity of the studied samples an additional regularizer was derived using maximum entropy principle [43] applied to the distribution function f (R) which can be written as N-dimension vector (N is the number of the grid points for f )
where VAR is the regularizer, α is the regularization parameter,
The p j ( f) vector corresponds to the maximum entropy principle of the j-order [43] . This procedure was used to modify the CONTIN algorithm [33] (CONTIN/MEM-j where j denotes the order of p j ( f )). A self-consisting regularization procedure with an unfixed regularization parameter (to better fit the isotherms) was used on CONTIN/MEM-j calculations. The COTIN/MEM-0 procedure was also applied to IGT equation (6) .
To compute the α S plots [38] (Fig. 1c) , silica gel Si-1000 was used as a standard adsorbent [44] .
Thermally stimulated depolarisation current (TSDC)
The tablets (diameter 30 mm, thickness ∼1 mm) with the frozen aqueous suspension of silicas (16.7 wt%, i.e. h = 5 ml/g) were polarised by the electrostatic field at the intensity F p = 200-300 kV/m at 260 K then cooled to 90 K with the field still applied and heated without the field at a heating rate β = 0.05 K/s. The current evolving due to sample depolarisation [37, 45] was recorded by an electrometer over the 10 −15 -10 −7 A range. Relative mean errors for measured TSD current were δ I = ±5%, δ T = ±2 K for temperature, δ β = ±5% for the temperature change rate. Modified Eqs. (4) and (6) (T − 90) K nm at T between 90 and 270 K) obtained on the basis of the calibration curves for silica gels Si-40 and Si-60 was used for estimations of the IPSDs on the basis of the TSDC data [13, 37] . Figure 1a shows the XRD patterns for MCM-41 (observed reflections suggest that it can be assigned to 2D hexagonal structure), SBA-15 (hexagonal structure) and MCM-48 (3D cubic structure) [26, 27] . For hexagonal structure the lattice constant a 0 = 2d 100 √ 3
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corresponding to the distance between pore centers, the pore size d XRD = 1.213d 100
3 is the true density of amorphous silica) and the pore wall thickness t wall = a 0 -d XRD can be estimated from the d 100 spacing value [26] . The d XRD and t wall values for MCM-48 (Table 1) were calculated using the d 211 spacing value as described elsewhere [27] .
The average pore wall thickness is between two (0.62 nm) and four (1.24 nm) silica layers for the studied samples ( (Figs. 1e and 1f ) (these pores can be attributed to inner-wall pores), which are out of the main mesopore peak, on calculation of d N 2 . The d P SD value for the main mesopore peak for SBA-15 is closer to d XRD than d N 2 . Calculation of the d N 2 value only for this peak gives 9.92 nm which is closer to the d XRD value. Consequently, on the calculation of the size of the main mesopores from the adsorption data, not only external surface and the corresponding pore volume but also the surface and the volume of narrow pores should be taken into account. Notice that a certain difference between the pore sizes determined from the XRD and adsorption data can be caused by neglecting or accounting of the size of surface atoms.
The shapes of the nitrogen adsorption/desorption isotherms and hysteresis loops (Fig. 1b) reveal that MCM-48 and SBA-15 have the porosity of two types [46] : (i) framework-confined porosity caused by relatively uniform channels of the template framework (tested by the presence of a significant adsorption step at p/p 0 between 0.1 and 0.5), and (ii) textural porosity caused by intraaggregates voids and spaces formed by interparticle contacts (tested by the presence of the hysteresis loop at p/p 0 > 0.5). The presence of the textural porosity is also confirmed by the IPSD for MCM-48 and SBA-15 characterized by certain contribution of large mesopores and macropores (Figs. 1d, 1e and 1f) . The porosity of the second type for MCM-41 is very small because the isotherm does not include the hysteresis loop and the adsorption step at p/p 0 > 0.5 (Fig. 1b) .
The Δw cyl values ( (Table 1) ; however, inequality S * < S BET remains. Therefore, one can assume that this residual inequality S * < S BET is due to a nonideal shape of the pores, e.g.
the roughness of the pore walls. Consequently, consideration for the roughness of the pore walls, which can be estimated as χ = 100(S BET -S * )/S BET = 100Δw cyl /(Δw cyl + 1) (%) ( Table 1) , is important on estimation of the pore size from the adsorption data. For instance, the χ value is maximal for MCM-41 samples; therefore underestimation of the d N 2 values is maximal for these silicas. In other words, the pore walls of MCM-41 samples are rougher than that of MCM-48 or SBA-15. However, according to the IPSDs obtained with the model of cylindrical pores, contribution of micropores (which can be also linked to the roughness of the pore walls) for MCM-41 is lower than that for other silicas. This roughness can be modelled by tiny spherical-like hills and the corresponding shallow hollows on the surface of cylindrical mesopores; i.e. the pore walls are composed of spherical globules (∼ 1 nm in diameter). Additionally, the textural porosity can be modelled as voids between spherical globules of larger sizes (10-100 nm or more). This allows us to use a complex model of pores of a cylindrical shape and voids between spherical particles with self-consisting regularization procedure used to obtain independent f (R) functions for both pore shapes. The complex model of pores adds intensity of the IPSD of micropores for all samples (Fig. 1f) ; however, the main peaks of mesopores remain nearly the same. This model gives Δw values that are much lower (e.g. 0.01 for MCM-48 and 0.12 for sample 2 of MCM-41) than those obtained using the model of cylindrical pores with different s N 2 values. The studied samples of MCM-41 (especially sample 2) do not have the ideal conventional structure. For instance, the nitrogen adsorption/desorption isotherm does not have a large adsorption/desorption step (Fig. 1b) characteristic of MCM-41 synthesized using C 16 TAB but without alcohol [2] [3] [4] [5] [6] . However, this step is more clearly observed for sample 1 than for sample 2 of MCM-41 (Fig. 1b) . Alcohol in the reaction solution interacting with the template molecules can affect the micellar/tubular, supramolecular structure and, therefore, the finished mesostructure of silica; and the roughness of the pore walls increases (especially on additional aging of sample 2). Notice that similar XRD patterns and nitrogen adsorption/desorption isotherms were previously observed for MCM-41 synthesized with alcohol in the reaction solution [28] . The synthesis of MCM-41 without alcohol gives materials characterized by a typical shape of the nitrogen adsorption isotherms with a typical step shape [7-10, 39, 47] . The reaction time effect is well observed on comparison of the structural characteristics of two MCM-41 samples (Table 1 , Fig. 1 ) synthesized under nearly the same conditions only at different time of the filtration stage after slurry stirring.
The IPSDs (Figs. 1d, 1e and 1f ) demonstrate the presence of large and narrow pores in addition to the main narrow mesopores for all the studied silicas. The IPSDs of MCM-48 and SBA-15 shift towards larger pore sizes in comparison with MCM-41. The α S plots (Fig. 1c) and the IPSDs (Figs. 1d, 1e and 1f ) reveal a certain contribution (however, relatively small) by micropores at R < 1 nm. Notice that the model of cylindrical pores (Fig. 1e) (with both CONTIN and CONTIN/MEM-0 regularizations) does not give micropores for MCM-41 in contrast to the complex model of pores (Fig. 1f) . Calculations of the IPSDs for SBA-15 with CONTIN/MEM-j at j = 0, 1, and 2 (Fig. 1d) show that the main differences are observed at R < 0.7 nm and R > 30 nm; consequently calculations for other silicas were carried out with CONTIN/MEM-0 (Fig. 1e) . The studied silicas are characterized by different IPSDs; therefore the behaviour of pore liquids in these adsorbents can depend differently on temperature at T < 273 K according to Eqs. (4)-(7) [13] . To study the influence of benzene and chloroform-d on the structure of pore water the measurements were started from the amounts of adsorbed liquids much smaller than the pore volume of silicas.
Behaviour of pore liquids 3.2.1 MCM-48 and SBA-15
In the case of partial filling of pores by water and benzene the latter tends to displace a portion of water from narrow pores to larger ones or from the pore walls to the center of pores. This is well seen on comparison of the 1 H NMR spectra of adsorbed pure water and water/benzene mixture (Fig. 3) . The 1 H NMR spectra show a stronger decrease in the signal intensity of the proton resonance of adsorbed water at δ H ≈ 5 ppm at T < 230-240 K with the presence of benzene. Therefore the relationship between the ΔG and C uw values (Fig. 4) demonstrates diminution of the C uw value for the water/benzene mixture in comparison with pure water at the same ΔG and temperature values. These effects can be explained by the displacement of water by benzene from the pore walls or narrow pores into larger ones. These effects can seem unusual since water can form strong hydrogen bonds with a silica surface in contrast to benzene. However, dispersive interaction of benzene with siloxane bonds can be characterized much higher energy than that for water. Additionally, there is a phase boundary between water and benzene with high Gibbs free energy. To reduce this energy and the area of contact between water and benzene the letter can displace water into large pores where water forms larger clusters and droplets than in narrow pores. Typically water tends to form clustered coverage of a silica surface and a continuous layer is not formed at relative high hydration h < 0.3 g/g [13, 37] . Therefore such clustered coverage of a silica surface by water leads to a great area of contact between water clusters and benzene. Therefore, formation of much larger water structures (in larger pores) with smaller contact area with the benzene phase is energetically favorable.
The f (T 2) distribution functions (Fig. 5) demonstrate that the proton transverse re- laxation of pore benzene is more complex (as characterized by bi-or trimodal f (T 2) distributions) in comparison with pore water (mainly monomodal f (T 2) distributions). Additionally, there are both faster and slower relaxation processes of benzene in comparison with water. These results can be caused by the difference in the spatial distribution of benzene and water in pores and the effects of the pore size and the structure of the pore walls on the T 2 values because of the corresponding changes in the molecular mobility of adsorbed liquids. This conclusion is confirmed by calculations of the pore water and benzene structures (Figs. 6-8) using Eqs. (4)- (7). The analysis of the f (T 2) and ISD graphs for pore liquids reveals that these liquids can (i) fill narrow pores (e.g. micropores at R < 1 nm), (ii) adsorb onto the pore walls in the form of adsorbed films in larger pores (R > 1 nm) in which certain free space remains far from the pore walls because of partial filling of pores, and (iii) form clusters, nanodomains, droplets, films or continuous condensate [13] in large mesopores (R > 10 nm) or macropores (R > 25 nm). The thickness (size) of (Table 1 , V p ) and in the amounts of the pore liquids. The structures formed in MCM-48 and SBA-15 have the size close to that of the main mesopores (Fig. 8) ; however, the ISD curves are below the IPSDs because of partial filling of pores. Similar results with respect to various structurization of adsorbed water in pores of different sizes were obtained at much higher hydration of these samples (h ≈ 5 ml/g) by using the TSDC method (Fig. 9) . The relaxed water structures correspond to mesopore sizes of MCM-48 but they are slightly smaller than the pore size of SBA-15. The dipolar and direct current (dc) relaxations of water adsorbed on different mesoporous silicas are characterized by two typical low-temperature (LT) and high-temperature (HT) bands in the TSDC thermograms (Fig. 9a) . The effect of pore walls is minimal for a fraction of water located in large pores, e.g., of SBA-15 (Fig. 9c) or silica gel Si-60 [37] . MCM-48 and SBA-15 (with a more ordered pore structure than that of silica gels) have a larger effect on the adsorbed water than silica gel [37] and the LT peak shifts towards higher temperatures (Fig. 9a) . The dipolar relaxation of water frozen in pores of different sizes occurs step-by-step if the pore size is larger than the size of the relaxed water structures. For instance, in the case of SBA-15 with relatively large pores, the size of water clusters relaxing at certain temperatures is smaller than the size of pores (Fig. 9c) because water film freezes at the pore walls at lower temperatures (it is in the liquid state under the applied field for a longer time) than layers far from the pore walls. A similar effect was observed on the 1 H NMR investigations of water in silica gels [24] . In the case of MCM-48 ( Fig. 9b) with narrower pores than SBA-15 water can freeze in pores over a narrow temperature range (a similar effect was observed for silica gel Si-40 [13, 24] ) but at lower temperatures. A small amount of water (small clusters) can be frozen at the pore walls at lower temperatures. According to the TSDC data, mobile water molecules (participating in the dc relaxation on proton transferring) appear at T ≈ 210 K (Fig. 9a) that is in agreement with the 1 H NMR spectra (Fig. 3) showing that mobile water molecules appear at T ≥ 213 K.
The freezing/thawing of pore liquids in relative large mesopores of SBA-15, especially on total filling of pores (on the TSDC measurements), can occur step-by-step. This can result in very nonuniform frozen/unfrozen structures of liquids mixed in pores. To diminish these effects the pore liquids can be studied on the adsorption onto MCM-41 possessing narrower pores than MCM-48 and SBA-15 (Fig. 1) . For the NMR measurements sample 2 of MCM-41 was used because it has a larger adsorption capacity, narrower pores and a larger roughness of the pore walls in comparison with other samples (Table 1 ) that can provide the appearance of unusual weakly associated water [13] . Additionally, water adsorbed alone in narrower pores at partial filling of them can form smaller clusters that cause a larger area of boundary contacts between water and subsequently adsorbed benzene and stronger effects of rearrangement of water clusters to reduce the boundary contact area with benzene.
MCM-41
The 1 H NMR spectra of the water/benzene mixtures at different h and b values include signals of water (∼5 ppm) and benzene (∼7 ppm) differently dependent on temperature (Fig. 10) similarly to those for MCM-48 and SBA-15 (Fig. 3) . In the case of the sample at h = 0.37 ml/g and b = 5.8 ml/g, a low-intensity signal is also observed at δ H = 1.2-1.4 ppm (Fig. 10d ) which corresponds to weakly associated water [13] . Notice that the roughness of the pore walls (providing formation of very small water clusters) can be one of the necessary conditions for observation of weakly associated water. The main peak of adsorbed water at 5 ppm is close to that of liquid water characterized by the average number of the hydrogen bonds per a molecule close to four. Consequently, the major portion of water in the pores of MCM-41 is strongly associated because it keeps the hydrogen bond network causing the mentioned magnitude of δ H . If the total volume of the adsorbates (at h = 0.186 ml/g and b = 0.196 ml/g) is substantially lower than the pore volume V p that the relationship of the signal intensities of water and benzene slightly decrease with lowering temperature to 223 K. This is due to filling of the narrowest pores that provides the maximal freezing point depression. The intensity of the water and benzene signals weakly changes at 220-280 K (Fig. 11c , h = 0.186 ml/g and b = 0.196 ml/g). In this case the temperature dependence of the signal is nearly the same as for pure water adsorbed on MCM-41 in air at h = 0.186 ml/g. Notice that C u (T ) in Figs. 11c and 11d correspond to the sum C u = C uw + C ub for unfrozen water (subscript 'uw') and benzene (subscript 'ub'). Fig. 11e shows only the C uw (T ) graphs calculated by deconvolution of the 1 H NMR spectra. If the volume of the adsorbates is greater than the total pore volume (e.g. h = 0.37 ml/g and b = 5.8 ml/g) that a portion of benzene locating out of pores can freeze at T between T m,∞,b ≈ 278 K and T m,∞,w ≈ 273 K because of small freezing point depression for benzene mixed with water even out of pores since T m,∞,b > T m,∞,w . Composition of the frozen portions of liquids at T < T m,∞,i depends on the affinity of the adsorbates to the pore walls, a clustered structure of pre-adsorbed water, order of the loading of liquids into pores and a period of time before measurements (if the equilibrium state is not reached before freezing). According to the data shown in Fig. 10e , the relationship of the signal intensities of water and benzene is practically identical at 243 K independent of the initial relationships of the amounts of components (h = 0.186 ml/g and b = 0.196 or 0.4 ml/g). In the case of a small excess of the liquids (h = 0.37 ml/g and b = 0.4 ml/g) and the same amount of water but a great excess of benzene (h = 0.37 ml/g and b = 5.8 ml/g) the main signals at ∼5 ppm (shoulder) and ∼7 ppm (peak) have a similar shape; however, an additional signal of weakly associated water appears at 1.2-1.5 ppm. This suggests that a portion of water is strongly clustered, i.e. it is distributed in the form of very small clusters (locating in shallow micropores in rough walls of mesopores) or individual molecules dissolved in benzene in silica pores. It is possible that both the roughness of the pore walls of MCM-41 and residual organic functionalities promote appearance of weakly associated water [13] . However, the chemical shift of the last signal does not practically change with temperature ( Fig. 10d ) in contrast to that of water dissolved in benzene and characterized by decreased signal intensity with lowering temperature. Consequently, there are some effects of the silica surface (micropores and residual organic groups), i.e. its structure and nature, on weakly associated water. Thus, residual organic groups at the silica surface, the roughness of the pore walls of MCM-41 (sample 2) (Table 1, χ), and In all the cases of the water/benzene mixtures, a portion of water is displaced from the pore walls and narrow pores into larger ones (Figs. 11-13 ) to reduce the contact area between these liquids. Adsorbed pure water forms several types of structures (e.g. clusters, thin surface films and structures more completely filling certain narrow pores) because the ISDs have two overlapping peaks (Fig. 13a) , despite the IPSD having only one main peak of mesopores (Fig. 1) . The formation of more distinct water (as well as benzene) structures is observed on the adsorption of water/benzene mixtures because of the effects of benzene (Fig. 13) . In the case of the water/chloroform-d mixture (Fig. 13e) , water is mainly in narrow mesopores of MCM-41 (only a small portion of adsorbed water is in pores at R > 2 nm) similar to that for adsorbed pure water (Fig. 13a) . Consequently, the effect of nonpolar benzene on the pore water structure is stronger than that of weakly polar chloroform-d. This is due to a smaller excess of the Gibbs free energy on interaction of chloroform with clustered water than that on interaction of benzene with this water. It should be noted that at T ≤ 213 K only benzene (signal at 7.2 ppm) remains unfrozen in the water/benzene mixture filling pores because adsorbed water completely freezes at T < 233 K. However, in the case of adsorbed pure water, its portion freezes at much lower temperatures. In other words, benzene weakens the interaction of water with the pore walls because water displaced from narrow pores forms larger structures.
The amounts of water adsorbed onto silica in air (h = 0.186 ml/g) or on addition of a small amount of benzene (h = 0.186 ml/g and b = 0.196 ml/g) provide filling of approximately quarter of the total pore volume by water and high clusterization of adsorbed water, and approximately half volume (h = 0.317 and 0.37 ml/g respectively) in the case of addition of chloroform-d (c = 5.0 ml/g) and benzene (b = 0.4 and 5.8 ml/g). A vertical section observed on the ΔG(C uw ) graphs (Fig. 11b) corresponds to non-freezing of pore water over a wide temperature range (Fig. 11a) . This pore water is strongly bound to the silica surface (ΔG < -1 kJ/mol, Fig. 11b ), and the smaller the adsorbed water amount, the lower the freezing temperature of the water. This effect is caused by predominant occupation of the narrowest pores (characterized by the maximal adsorption potential) on a partial filling of them (Fig. 13a) . At a low hydration the adsorbed water can form clusters or thin films smaller in size (thickness) than pores. An increase in the hydration up to h = 5.2 ml/g leads to filling of larger pores because the incremental size distribution, ISD, of the structures with unfrozen pore water shifts toward larger R values (Fig. 13a) . However, the amount of unfrozen water located in pores at h = 5.2 ml/g remains smaller than the total pore volume. The cause for this effect can be explained by : (i) air bubbles remaining in pores inhibit filling of them by water; (ii) a small portion of pyrocarbon and organics remains (Fig. 14) in pores of silica after its calcination on the template removal; and (iii) a portion of water (far from the pore walls) filling broader mesopores at R > 4 nm (Fig. 1) can be frozen at temperature close to 273 K. However, it is the first two factors that take a predominant role because contribution of broad mesopores in MCM-41 is very low (Fig. 1 ) and weakly bound water (which can be located in broad pores and thus satisfy the condition ΔG > −0.5 kJ/mol) is not observed (Fig. 11b) . A slightly decreased hydrophilicity of the pore walls of MCM-41 due to small amounts of pyrocarbon and trace organic functionalities can strengthen bubble plugs in narrow mesopores at R < 2 nm in which the capillary condensation of water is absent. The FTIR spectra (Fig. 14 Additional heating of MCM-41 in air at 473 K for 2 h affects only adsorbed water, the intensity of broad band of the O-H stretching vibrations of water at 3200 cm −1 decreases after heating and the intensity of free silanols at 3740 cm −1 increases and a shoulder at 3650 cm −1 appears. The presence of low amounts of residual organics is typical for silicas synthesized using organic templates because of the difficulty of complete removal of them from pores. Residual hydrophobic CH 2 groups can affect the amounts of pore water (i.e. pore filling by water) and its structure. However, the water/benzene mixture can fill the (Table 2) with consideration for a portion of filled pores (multiplying γ S by z = 10 3 ρ uw V p /C uw | T =273K because C uw is given in mg/g and assuming ρ uw = 1 g/cm 3 ) gives the values (Table 2 , zγ S ) close to Δ im H at different h values for the air and CDCl 3 media. In the case of the water/benzene mixtures, the zγ S values related to the total changes in the Gibbs free energy of the pore water is much smaller (by a factor of 3-4) because of the displacement of adsorbed water by benzene from narrow pores and the pore walls. This effect is caused by the fact that direct interaction of benzene with the silica surface instead of interaction with water can cause a reduction of the Gibbs free energy of the system on simultaneous diminution of the interfacial contact area between poorly immiscible benzene and water. The zγ S (as analogous to Δ im H) values for MCM-48 and SBA-15 are close to that of MCM-41 (Table 2 ). An increase in these values with decreasing h value can be caused by higher energy of the adsorption of water in narrower pores that can give a slight overestimation of the zγ S values.
Chloroform can fill a portion of the pores and displace a fraction of water from the pore walls and the narrowest pores into larger pores (comp. Figs. 1, 13a, and 13e ) that leads to a starting freezing temperature depression (corresponding to dC w /dT = 0) by approximately 20 K (Figs. 11a and 15 , curves 2 and 6). The corresponding maximum temperature below which pore water begins to freeze determines minimal reduction of the Gibbs free energy caused by adsorption interactions with the pore walls. These changes are close for the air and aqueous media (bending of the ΔG(C uw ) curves at -2 kJ/mol characteristic for strongly bound water). However, in the case of the CDCl 3 medium it is or out of pores. This effect causes diminution of the freezing point depression of water (comp. Figs. 11a and 11c) , and changes in the Gibbs free energy of adsorbed water are smaller (Fig. 11f ) than in the case of the adsorption of pure water or water/chloroformd (Fig. 11b) . The benzene/water mixture can fill total pore volume because the C u value corresponds to the V p value (Fig. 11c) . It is probable that clustered structure forms (especially in the case of sequential addition of water and benzene to MCM-41) in which contacts of benzene with the pore walls can be predominant because the ISDs related to benzene shift toward smaller R values in comparison with the ISDs linked to water (Figs. 13b, 13c, and 13d ). There is certain broadening of these ISDs because of incomplete compensation of the interference of water and benzene on calculations. This rearrangement of pore liquids diminishes the interaction energy of water with the silica surface (Fig. 13f) . A major fraction of water forms relatively large structures, e.g. domains and superdomains [13] , responsible for the 1 H NMR signal at δ H ≈ 5 ppm (Fig. 10) . On the other hand, a minor portion of water at large excess of benzene (b = 5.8 ml/g) can be assigned to weakly associated (δ H = 1.2-1.4 ppm, Fig. 10d ) but strongly bound (as it freezes at very low temperatures) water. Another portion of the pore water is weakly bound (ΔG > -0.5 kJ/mol, Fig. 11f ) because its interaction with benzene occurs without formation of strong hydrogen bonds characteristic for the bulk water (δ H ≈ 5 ppm) or water interacting with the silica surface (at the same δ H values). The effects of the surface forces and intermolecular interaction between benzene and water molecules, resulting in the structurization of the mixture in pores, ensure the minimum value of Gibbs free energy for this complex system. However, interaction energy of the water-water, water-silica, benzene-benzene, and benzene-silica types is greater than that of water-benzene. Therefore the ΔG(C uw ) curves for the pore water in the benzene/water mixtures (Fig. 11f) locate over the curves of the pure water (Fig. 11b) , and the benzene/water/MCM-41 system should tend to reach a state with a minimal area of the water/benzene interfaces in pores. For instance, maxima of the ISDs at R = 1.0-1.5 nm related to adsorbed unfrozen water (Figs. 13b, 13c and 13d ) correspond to minima of the ISD related to adsorbed benzene. Additionally, benzene fills a fraction of the narrowest pores (Fig. 13) and changes in the C ub (T) values on benzene interaction with silica (Fig. 12) are larger than that of water (Fig. 11) . According to Aksnes and Kimtys [19] , all benzene freezes in silica gel pores (average R ≈ 2 nm) at T > 227 K that is in agreement with the dC u /dT peak at 230-250 K of benzene adsorbed on MCM-41 (Fig. 15) . Notice that MCM-41 has narrower pores than the mentioned silica gel, i.e. the freezing temperatures of pore benzene adsorbed onto MCM-41 can be lower. The dC u /dT peak at 270 K corresponds to thawing of benzene in larger pores and far from the pore walls because its melting point in the bulk is only slightly higher (∼278 K). A minor portion of adsorbed water, which corresponds to weakly bound one, can thaw at temperatures close to 270 K (Figs. 11e and 11f) .
A simple additive model of water/benzene mixture completely filling pores (h= 0.37 ml/g and b=5.8 ml/g) based on Eq. (5)
gives the distribution function close in R values to IPSD N 2 but with a more complex shape (Fig. 15d ). This is due to the presence of several structures with benzene and water as reflected in the f (T 2) distributions (Fig. 5 ) and the ISDs (Figs. 6-8, 13 and 15d ). This complexity causes certain broadening of the ISD. Calculation of the ISD with the IGT equation (Eq. (6)) gives a complex curve (because of the pore benzene effects), which, however, has a maximum close to that of IPSD.
Conclusion
The study of the structural characteristics of ordered mesoporous silicas using an improved procedure (CONTIN/MEM-j) or a complex model of cylindrical pores and voids between spherical particles suggests that the use of alcohol in the reaction solution and additional aging of the reaction product causes increased roughness of the pore walls. The textural porosity of MCM-41 samples synthesized with the presence of ethanol is lower than that of MCM-48 and SBA-15 synthesized without alcohol. The roughness of the pore walls and residual organics provide the appearance of weakly associated water adsorbed in a mixture with an organic solvent. The investigations of pure water and water/chloroform-d or water/benzene mixtures adsorbed onto MCM-41 by using the 1 H NMR spectroscopy with layer-by-layer freezingout of bulk and pore liquids show that both chloroform-d and benzene can displace a portion of water from narrow pores and/or from the pore walls to reduce the contact area between immiscible liquids. The effects of nonpolar benzene are stronger than that of weakly polar chloroform-d. This effect of benzene leads to diminution of freezing temperature depression of adsorbed water and its interaction energy with the pore walls. Water fills only a portion of MCM-41 pores at high hydration (h = 5.2 ml/g); however, the water/benzene mixture fills total pore volume. The modified Gibbs-Thomson relation for freezing point depression and equations related to transverse relation processes in adsorbed water/benzene mixtures elucidate the difference in structurization and rearrangement of pure pore water and water/benzene or water/chloroform-d mixtures. This structurization depends on the pore size distribution, amounts of pore liquids, their clusterization, the order of their adsorption, the pore wall structure and residual amounts of organic templates. One could expect a smaller effect of benzene or other nonpolar solvents on the structure of water adsorbed onto more hydrophilic surfaces than that of silica, e.g. mixed mesoporous oxides, on which water can form a continuous layer.
